The emission characteristics and the dynamics of laterally coupled diode lasers have been theoretically studied by many authors. However, little experimental work has been done on the locking and nonlinear dynamics of coupled lasers. An experimental characterization of the emission and dynamic characteristics is made by means of the spectrally resolved far field and of the relative intensity noise (RIN) spectrum. It was observed that by varying the bias conditions applied to the device it operates in: (1) locking (lasing both outof-phase and in-phase lateral modes) or in (2) unlocking. Also it was found that, when the device is lateral locked, several nonlinear and chaotic operation regimes may occur and that the amplitude of the RIN spectrum is highly dependent on the locking conditions. © 2009 Optical Society of America OCIS codes: 140.2010, 140.1540 The dynamics and the static behavior of lateral coupled diode laser arrays have been a subject of interest in past years. For the past three decades a large amount of work has been done on the study of these laser structures [1] . These studies have focused mainly on devices as suitable sources for high power low divergence lasers (multiarray) [2, 3] and as a way to increase the modulation bandwidth beyond the intrinsic relaxation oscillation frequency of a single laser diode proposed theoretically by using two laterally coupled diode lasers (LCDLs) [4] and experimentally demonstrated by means of locking the two lateral diode lasers [5] . In multiarray devices, theoretical developments for the description of the emission of these diode lasers were made using the coupled-mode theory to describe the array optical field in terms of the array eigenmodes (supermodes) [6, 7] . Experimentally, successful high-power lowdivergence phase-locking operation of these devices was reported by several authors [8, 9] . In twin-stripe laser diodes several studies were done concerning the emission and the dynamics of these devices. Theoretical aspects of the emission pattern were developed by using, mainly, the coupled-mode theory, and it was predicted that these devices emit both in-phase and out-of-phase lateral modes [6] . This feature was experimentally reported in [5, 10] . More recently an experimental study showed that the relaxation oscillation frequency of each laser waveguide is strongly influenced by the coupling between the two lasers [11] . Besides this, for these devices it was also predicted that temporal instabilities in the subnanosecond scale occur owing to the nature of the coupling between the laser waveguides [12, 13] . These instabilities were assigned to the competition between the array supermodes and the strength of the coupling. As pointed out by the review made in [14] on phase locking of coupled lasers, little experimental work has been done on the dynamics and on the complete characterization of the emission spectrum of the LCDLs.
The dynamics and the static behavior of lateral coupled diode laser arrays have been a subject of interest in past years. For the past three decades a large amount of work has been done on the study of these laser structures [1] . These studies have focused mainly on devices as suitable sources for high power low divergence lasers (multiarray) [2, 3] and as a way to increase the modulation bandwidth beyond the intrinsic relaxation oscillation frequency of a single laser diode proposed theoretically by using two laterally coupled diode lasers (LCDLs) [4] and experimentally demonstrated by means of locking the two lateral diode lasers [5] . In multiarray devices, theoretical developments for the description of the emission of these diode lasers were made using the coupled-mode theory to describe the array optical field in terms of the array eigenmodes (supermodes) [6, 7] . Experimentally, successful high-power lowdivergence phase-locking operation of these devices was reported by several authors [8, 9] .
In twin-stripe laser diodes several studies were done concerning the emission and the dynamics of these devices. Theoretical aspects of the emission pattern were developed by using, mainly, the coupled-mode theory, and it was predicted that these devices emit both in-phase and out-of-phase lateral modes [6] . This feature was experimentally reported in [5, 10] . More recently an experimental study showed that the relaxation oscillation frequency of each laser waveguide is strongly influenced by the coupling between the two lasers [11] . Besides this, for these devices it was also predicted that temporal instabilities in the subnanosecond scale occur owing to the nature of the coupling between the laser waveguides [12, 13] . These instabilities were assigned to the competition between the array supermodes and the strength of the coupling. As pointed out by the review made in [14] on phase locking of coupled lasers, little experimental work has been done on the dynamics and on the complete characterization of the emission spectrum of the LCDLs.
In this Letter it is the objective of the authors to fill in the lack of information on the experimental studies of the emission and dynamic characteristics of the LCDL devices. The device under study permits independent bias of each one of the laser waveguides. By asymmetrically biasing the device, we-in turnforce asymmetry between the emission characteristics of each laser waveguide. This will lead to a different emission wavelength of each twin stripe and the condition of locking is broken down and unlocking takes place, and this leads to an experimental characterization of the emission characteristics at the different operation regimes. To study this phenomena an analysis of the spectrally resolved far field (SRFF) for different bias currents applied to the device is made. In parallel to the spectral analysis, an analysis of the relative intensity noise (RIN) spectrum is made for analyzing the nonlinear regimes that are found in these devices. From this analysis it was found that the amplitude of the RIN at the second resonance frequency is clearly affected by the locking conditions. It was also found that, when the device is in lateral mode locking, several nonlinear and chaotic regimes take place. The simultaneous analysis of both the SRFF and the RIN spectrum allows the identification of the phase relation between the fields emitted by each one of the waveguides and thus allows us to identify the locking regime of the laser operation as well as to analyze the emission characteristics when nonlinearities are observed. The LCDL device of this study consists of two 500 m AlGaInAS/InP Fabry-Perot cavities optically coupled laterally but electrically isolated, with stripe widths of 4 m. The separation between the laser waveguides is 4 m. The laser chip is mounted on a submount with a "K" connector for rf modulation (up to 40 GHz) and independent bias for each ridge [5] . This device presents a threshold current of 30 mA in ridge 1 and 32 mA in ridge 2 and an emission wavelength of around 1335 nm. To measure the SRFF the output of the LCDL was collimated at the entrance of a TRIAX 550 spectrometer (and by positioning ridge 2 above ridge 1), allowing the emission from both ridges of the LCDL laser to enter the instrument, and the total optical spectrum of the device is measured and captured by a CCD camera. From the SRFF the phase between the fields emitted by each one of the stripes is analyzed. The measure of the RIN spectrum combined with the SRFF allows the analysis of the influence of the locking regime on the amplitude of the noise at the proper frequencies and identifies the nonlinear regimes found. The RIN spectrum setup used is fully described in [15] .
The bias current of ridge 2 was set at 60 mA, while the bias of ridge 1 was varied. When only one ridge is biased, its far field is the typical single lobed for the fundamental lateral mode, because only one of the ridges is emitting. Biasing ridge 1 right above the threshold (30 mA), the device is lasing with multilongitudinal modes separated by 83 GHz and only the out-of-phase lateral mode is observed [ Fig. 1(a) ]. The out-of-phase lateral mode is identified by a double lobed with zero intensity in the emission at 0°i n the far field [5, 10] . This emission characteristic implies that there is coupling between each one of the laser ridges and that there is phase locking between the fields emitted by each stripe. The fact that the out-of-phase mode appears before the in-phase mode is due to the higher absorption between the ridges [5, 16] . In the RIN spectrum no resonance frequency owing to the interaction between the fields emitted by each one of the laser waveguides was found because only the out-of-phase lateral mode is lasing. The RIN peak of the relaxation oscillation is below the noise level since, at the bias conditions, the relaxation oscillation frequency peak presents high damping. Increasing slightly the bias applied to ridge 1 to 33 mA, the in-phase lateral mode (identified by emitting at the center of the waveguides) starts emitting [ Fig. 1(b) ]. The frequency separation between the inphase and the out-of-phase lateral modes is 7.6 GHz and a peak with an amplitude of 7 dB/Hz (above the noise level) at the RIN spectrum appears at this same frequency. When the bias current applied to ridge 1 is of 36 mA the spectrum is characterized by the splitting of each longitudinal mode in both inphase and out-of-phase locked lateral modes [ Fig.  1(c) ]. Their frequency separation was found to be at 7.1 GHz and for this case a much higher amplitude peak (32 dB/Hz) appears in the RIN spectrum.
Increasing the bias of ridge 1, it is observed that the lateral modes become blurred but maintain the in-phase and out-of-phase lateral mode structures [ Figs. 2(a) and 2(b) ]. At these bias conditions several nonlinear regimes take place (as observed in the RIN spectrum). For a bias current of 40 mA applied to ridge 1 (keeping ridge 2 biased at 60 mA) it is observed from the RIN spectrum that the device presents a period quadrupling operation regime and that the lateral mode separation is 7.8 GHz, and the nonlinear low harmonics are found at a separation of 1.95 GHz [ Fig. 2(a) ]. With ridge 1 biased at 42 mA, a chaotic regime is observed [ Fig. 2(b) ]. In this case the RIN spectrum is characterized by a broadband spectrum (higher than 10 GHz) 20 dB/Hz above the noise level, which is Ϫ145 dB/Hz. The lateral modes have, for this case, a separation of 7.8 GHz. Increasing the bias conditions beyond 42 mA, both lateral modes are lasing, but the chaotic regime disappears and loworder nonlinear regimes take place (period quadrupling and period doubling). The fact that the lateral mode structure, and thus the locking condition, does not change whether nonlinear operation regimes are observed may imply that the mechanism that produces the nonlinear phenomenon is similar to that observed when an external injection at double the relaxation oscillation frequency is applied to a single diode laser [17] . This is based on the fact that, in these devices, the frequency of the lateral locking is approximately double the relaxation oscillation frequency [15] .
Setting the bias applied to ridge 1 to 58 mA the device is no longer in locking. In this operation regime, the gain curves of each laser ridge become asymmetric between them, and each one of the laser waveguides starts lasing independently. The far field is characterized by a two single lobed pattern slightly deviated from the 0°angle and separated in frequency by 12 GHz (Fig. 3) . Even though the device is no longer in locking, in the RIN spectrum a peak at the frequency separation between the longitudinal modes is observed. Comparing this to the RIN obtained in a locking condition [ Fig. 1(c) ] it is clearly seen that the amplitude of the frequency peak of the interaction between laser fields decreases from 32 dB/Hz (locking regime) to approximately 18 dB/Hz above the noise level (Ϫ145 dB/Hz) (unlocking regime).
In conclusion, LCDLs operate in both stable lateral locking and unlocking regimes. The operation region is selected by the bias conditions applied to the device. The locking region is characterized by a fixed phase relation between the emitted fields. At bias conditions close to the threshold, only the out-ofphase lateral mode is lasing. By increasing the bias conditions it is observed that there is a splitting of the longitudinal modes spectrum in the in-phase and the out-of-phase lateral modes. In the locking region several nonlinear and chaotic regimes are observed when the locking frequency is double the relaxation oscillation of one of the laser waveguides. When in unlocking operation, the laser emission is characterized by an emitted far-field pattern where no phase relation is observed. In the RIN spectrum a second resonance exists at the frequency of the lateral mode separation. This second resonance exists when the device is in the locking region, and also in the unlocking region, and its amplitude decreases significantly when the device changes from one regime to the other. This work was supported by the European Commission through the FALCON Training and Mobility of Researchers Project (ERB-4061-PL97-0131). We acknowledge device fabrication by M. Pessa, Optoelectronic Research Center (Tampere, Finland), and rf submounts by J. P. Vilcot, Institut d'Electronique, de Microélectronique et de Nanotechnologie (Lille, France).
